Application of zeolite can reduce lead (Pb) mobility in soil. Leaching columns and rhizobox incubation experiments were carried out to investigate the leaching processes and rhizosphere behavior of Pb in a Pb-contaminated soil amended with zeolite. Zeolite addition reduced Pb release from the contaminated soil as well as increasing leachate pH and decreasing the bioavailable Pb concentration. Leachate pH was not significantly different among different zeolite dose treatments at the same measurement time. Leaching of Pb from the treated soil was lower than that from the untreated soil for the first nine weeks but the trend was reversed for the final weeks of the study. The Pb concentration in the leachate did not appear to be sensitive to changes in pH. It was concluded that when a relatively low amount of zeolite was added (b 20 mg kg −1 ), the cation exchange capacity was the dominant factor for regulating Pb leaching behavior. The DTPA extractable Pb in the rhizosphere was 15% higher than that in the close-root and bulk soil. In addition, the amounts of DTPA extractable Pb in the rhizosphere soil not treated with zeolite were 10% and 16% higher than in the rhizosphere soil with 10 and 20 g kg zeolite addition, respectively. It could be concluded that zeolite addition inhibits uptake of Pb by affecting rhizospheric behavior.
Introduction
Human activities have introduced numerous potential hazardous trace elements into the environment since rapid industrial growth occurred (Seliman and Borai, 2011) . The intensive use of waste water irrigation, sewage sludge, pesticides and emissions from vehicle exhausts, mining, smelting and the rapid development of industries without effective control have resulted in a large accumulation of lead (Pb) in soils (Battaglia et al., 2007; Garau et al., 2007; Kumpiene et al., 2008; Luo et al., 2011; Shi et al., 2009b) .
Zeolite is a class of alkaline porous alumino-silicate (Joshi et al., 2002) , with a negative charge (Mohamed, 2001 ) neutralized by introducing exchangeable cations (Breck, 1984; Mondales et al., 1995) . Zeolite serves as a kind of soil conditioner and is being developed especially for the immobilization of heavy metals (Hamidpour et al., 2010; Li et al., 2009; Querol et al., 2006; Shi et al., 2009a) . Some studies indicate that zeolite favors the formation of oxides, metal-carbonate precipitates and complexes, which decrease metal solubility (Chlopecka and Adriano, 1996; Hamidpour et al., 2010; Ostroski et al., 2009; Turan et al., 2011) .
Although zeolite has been extensively used for the remediation of hazardous heavy metal-polluted soils (Montalvo et al., 2012; Turan et al., 2011) , the processes of leaching and the effects of the rhizosphere have not been studied thoroughly (Shanableh and Kharabsheh, 1996; Shi et al., 2009b) . Compared with rhizosphere investigations, leaching studies are numerous, but investigations on long-term soil leaching losses of trace elements (especially Pb) accompanied by zeolite addition are minimal (Shi et al., 2009b) .
Predetermined amounts of Pb(NO 3 ) 2 were mixed with bulk soils to provide and suitable Pb concentration soil for the study of leaching processes and rhizosphere behavior were achieved (Li et al., 2009; Shi et al., 2009a,b) . The objective of the present study was to investigate longterm leaching processes and the rhizospheric behavior of Pb in several Pb-contaminated soils with natural zeolite additions using leaching columns and rhizoboxes, respectively.
Materials and methods

Natural zeolite properties
The natural zeolite used in the experimental tests came from a layer found in the Chifeng mine of Chifeng City in the Inner Mongolia Autonomous Region, China. The zeolite was finely ground and sieved to b0.02 mm. It was then washed with distilled water prior to conditioning and measurement of cation exchange capacity (CEC). The rock mineralogy was investigated by using X-ray powder diffraction (XRD) (D/MAX-3B). In the quantitative XRD method, the intensities received Applied Clay Science 85 (2013) [103] [104] [105] [106] [107] [108] by sample analysis are compared with known intensities and information found in a database distributed by the International Centre for Diffraction Data (ICDD). According to parameters such as peak shape, peak width, and peak height, the percentage composition of natural zeolite was then determined. The analysis and computing were processed in software carried by XRD. The d(I/I 0 ) values of five diffraction peaks: 9.081(100), 3.992(69), 2.977(48), 3.923(46) and 3.211(46) were obtained according to the standards and requests published by the ICDD. Two group diffraction peak values were achieved: one group was 8.89(9), 3.93(7), 2.95(7), 3.32(5) and 7.93(4), defined as clinoptilolite; the other group was 8.92(X), 3.96(8), 7.96(6), 2.93(6) and 2.62(4), corresponding to heulandites. The quantitative XRD analysis showed that the natural zeolite consisted of clinoptilolite (34.9% by weight) and heulandites (34.9% by weight) with quantities of feldspar (22.6% by weight), quartz (5.7% by weight), hydrobiotite (1.5% by weight), apatite (0.2% by weight) and other minerals (0.2% by weight). The pH (8.2) was determined in a 1:2.5 ratio of zeolite/distilled water. The CEC (170 cmol c kg − 1 ),was determined with BaCl 2 -triethanolamine following the standard methods (Castaldi et al., 2005a) .
Soil properties
The soil sample used was a calcareous cinnamon soil derived from loess-like material, which was sampled from a vegetable garden in the outskirts of Taiyuan City in Shanxi Province, China. The soil properties are shown in Table 1 . The pH was determined potentiometrically in a soil paste saturated with water. Organic matter was determined by dichromate oxidation using the Tiurin method (Ma et al., 1993) and the particle size distribution was analyzed using the pipette method (Mohamed, 2001; Ouattara et al., 2008) . The soil CEC was determined by the ammonium chloride/ammonium acetate (NH 4 Cl-NH 4 COOH) method. The amount/size of the soil aggregates was measured using the dry sieving method. Soil total N, rapidly available P and rapidly available K were determined in the control soil with an elemental analyzer.
Leaching column experimental design
Leaching column experiments were based on the design of Hodson and Langan (1999) , and were carried out to investigate the effects of zeolite on Pb losses. The diameter of the columns was 60 mm and the depth of the soil in the columns was 250 mm. A quartz wool plug at the base of each leaching column acted as a ca. 6 mm filter preventing coarse material from being removed from the column.
Predetermined amounts of Pb(NO 3 ) 2 were mixed with bulk soils to provide 2000 mg Pb(II) kg −1 soil; the concentration of Pb in soil was determined based on prior studies (Li et al., 2009; Shi et al., 2009a,b) . Zeolite was then blended into the treated soils in various proportions (0, 10, and 20 g kg
) and 400 g of the air-dried soil was added to each column. The depth of the soil column was~200 mm. The water content of soil was maintained at 70% field capacity before each column was irrigated. The water content of the columns was controlled by weighing every 3 days. Each treatment was performed in triplicate.
The majority of the columns were irrigated twice daily for a week at a rate equivalent to 400 mm year −1 using deionized water, which was approximately equal to the average annual precipitation for Taiyuan City from 1989 to 2010. Leachates were collected in 100 mL polypropylene sample bottles to which 1 mL concentrated nitric acid (reagent grade) had been added. This was done to prevent the metal phases precipitating out of solution prior to analysis. Leachates were collected weekly, and the preacidification was undertaken to stabilize the leachate during the collection period. Leachates were collected from the columns over a period of 14 weeks (98 days) and visually examined for turbidity, but none was ever observed.
Leachate samples were stored at 4°C for no more than five days before analysis. The acidified leachate was filtered through Whatman No. 42 filter paper prior to analysis by an atomic absorption spectrophotometer (Varian-AA240); the detection limits of AAS for Pb is 0.2 μg L −1 . Pre-acidification of the leachate collection bottles prevented pH determination; however, duplicate samples were collected without prior acid addition, and pH measurements were carried out using a Model 720A meter with a (8102BN) ROSS combination pH electrode. Analyses for dissolved organic carbon (DOC) were performed on a Phoenix-8000 TOC analyzer, detection level of 2 μg L −1
. The DOC in the leachates was not continuously investigated; it was only measured at the 2nd week and 11th week in a study period because of an exhibited distinct yellow caste at the 1st week.
At the end of the leachate collection period, the columns were dismantled and the soils were sampled at 6, 12 and 18 cm depths. All samples were air-dried, ground in an agate mortar, passed through a 0.26 mm sieve, and kept ready for analysis.
Rhizobox incubation experiment design
The 500 mg kg −1 Pb-contaminated soil was prepared by adding Pb(NO 3 ) 2 to the bulk soil; the appropriate concentration of Pb in the soil for this work was determined based on prior studies (Li et al., 2009; Shi et al., 2009a,b) . The zeolite was then blended into the treated soils in various proportions (0, 10, and 20 g kg
) and the samples were transferred to plastic rhizoboxes. The rhizoboxes had two compartments separated by a 24 μm nylon mesh. The lower part had dimensions of 20 × 17 × 3 cm, holding 400 g, and the upper part was 20 × 17 × 2 cm, containing 300 g of soil. Each treatment was performed in triplicate and the soil was incubated for 90 days at 25°C. The water content of the rhizobox experiment was controlled by weighing the apparatus every three days. After incubation for 90 days, six rape seeds (Brassica campestris L.) were planted in the upper compartment of each rhizobox.
The soil in the lower part of the rhizobox the soil was sampled as non-rhizosphere soil at 0-2 and 2-6 mm from the nylon screen, while the rhizospheric soil was sampled in the upper part of the rhizobox. All samples were air dried, ground in an agate mortar, and passed through a 0.26 mm sieve, and kept ready for analysis.
The rape (B. campestris L.) plants were grown for two months under controlled conditions (temperature 15-25°C, relative humidity 30-50%), homogeneously using sprinkler irrigation. The rhizoboxes were maintained under glasshouse conditions. After two months, all the plants were harvested and the shoots (leaves plus stem) separated from the roots; no plant mortality was recorded and there were no other symptoms of toxicity.
The roots and aerial parts were rapidly and profusely washed with water under pressure and serially rinsed in receptacles containing distilled water. The plant samples were then dried at 80°C for 24 h. Following the drying, 1.000 g of plant material was digested with 10 mL of HNO 3 :HClO 4 mixture (4:1, v/v) for 12 h, then the digested solutions were heated until they became clear. The digested solutions were filtered with Whatman No. 42 filer paper and diluted to 50 mL. The concentrations of Pb in the resulting solutions were analyzed with an atomic absorption spectrophotometer (Varian-AA240).
DTPA extraction of lead in soil
The extracting solution consisted of 5 mmol L −1 DTPA, 10 mmol L −1
CaCl 2 and 0.1 mol L −1 TEA (triethanolamine) in deionized water. The pH was adjusted to 7.3 with 1:1 HCl. Extractions were carried out in triplicate using 5 g soil to 25 mL solution in 60 mL HDPE sample bottles. The samples were shaken for 2 h (120 cycles/min) in a water bath at 20°C after which the supernatant was filtered (Whatman No. 42 filter paper) and acidified for analysis by an atomic absorption spectrophotometer (Varian-AA240). The method used was that of Soon and Abboud (Carter, 1993) and was developed by Lindsay and Norvell (1978) .
Results and discussion
Leachate and column soil analyses
The general trends in leachate pH were similar for the different zeolite addition treatments (Fig. 1) . The leachate pH increased rapidly from 8.2 to 9.0 for the first 5 weeks, and then slowly decreased to~8.5 for the last 10 weeks. Each week, pH was not significantly different in the different zeolite addition treatments. Zeolite addition appeared to increase soil alkalinity resulting in an increase in leachate pH for the first 5 weeks. However, zeolite is a mild alkaline mineral (Shi et al., 2009b) , which does not lead to a heavy increase in soil alkalinity but would maintain alkalinity for a relatively long time because of its strong buffering capacity. Fig. 2 shows the leachate Pb concentration curves for the columns. Similar leachate Pb concentration patterns were observed at all rates of zeolite addition. The leachate Pb concentration decreased rapidly from 60 to~10 μg L −1 for the first 3 weeks. It then rebounded strongly to 80 μg L −1 in the control treatment, while the Pb concentration increased slowly to~37 μg L −1 in the two zeolite treatments for the remaining 3 weeks. For the last 8 weeks, the Pb concentration decreased slowly at all levels of zeolite addition. Leaching of Pb from the treated soil was lower than from the untreated soil for the first 9 weeks. Nevertheless, for the last few weeks this was reversed. The reason for the initially high Pb release from the soil was thought to be that the action of weak organic acids arising from the breakdown of the organic fraction of the soil organic matter results in substantial leaching. These acids may have increased the levels of trace elements released to the solution via the formation of organometallic complexes.
By forming soluble organometallic complexes with dissolved metals, such ligands can reduce the activities of free metal ions in solution, causing desorption from soil surfaces or further dissolution of the solid phases. Thus, their presence represents a sink for metal ions in solution. This explanation could be supported by the leachate samples from the 0, 10 and 20 g kg −1 zeolite addition treatments that showed DOC levels of 54.2, 62.6 and 42.1 mg L −1
, respectively, at the 2nd week and 17.8, 28.5 and 22.6 mg L −1 , respectively, at the 11th week. A similar phenomenon has also been found elsewhere by Sneddon et al. (2006) . Zeolite addition can also greatly depress the rebounding effect usually seen for Pb released from contaminated soils. Lead carbonate was the main Pb solubility-controlling phase in the treated soil. Detailed data on different Pb fractions are published in Li et al. (2009) . According to the data, Pb carbonate and Pb Fe-Mn oxide account for as much as 28% and 64% of the total Pb, respectively. Although the Pb Fe-Mn oxide fraction accounts for the greatest proportion, Pb Fe-Mn oxide is insoluble only if it transforms into the Pb carbonate fraction (Querol et al., 2006; Tessie et al., 1979) . The sorption of Pb to iron (Fe) oxides likely contributed to a greater Pb retention as a significant increase in Fe-Mn oxide-bound Pb was evident from the sequential extraction (Shi et al., 2009a,b) . Nevertheless, the carbonate bound Pb fraction substantially increased over time (Kumpiene et al., 2007) , and zeolite addition resulted in a reduction in the size of the carbonate bound Pb fraction in the Pb contaminated soil. However, the mechanism behind this process is not thoroughly understood (Basaldella et al., 2007; Castaldi et al., 2005b Castaldi et al., , 2008 Lei et al., 2008; Nardin et al., 1995) . Querol et al. (2006) suggested that zeolite addition can lead to the immobilization of metals in three ways but Shi et al. (2009b) suggested that these three means can be modally generalized into two factors: pH value and cation exchange. Some researchers have indicated that the pH value was a dominant factor in batch tests and column tests (Lin et al., 1998; Querol et al., 2006) , but in this study, the variation in the leachate Pb concentration was not consistent with leachate pH, especially in the rebounding period ( Figs. 1 and 2 ). Fig. 3 shows the Pb concentration (as a function of pH) in the leachates from the Pb contaminated soil and indicates that the Pb concentration in the leachate did not appear to be sensitive to changes in pH. A similar result has been found elsewhere by Sneddon et al. (2006) . Fig. 4 shows the variation in DTPA extractable Pb with different levels of zeolite in the different soil layers in the leaching columns. The results indicated that the DTPA extractable Pb decreased as the amount of zeolite added increased; nevertheless, the DTPA extractable Pb concentration was not significantly different among the different soil layers at the same zeolite addition level. This result demonstrated that zeolite addition caused a decrease in the amount of bioavailable Pb that was unable to be leached. Figs. 5 and 6 show the variation in pH and CEC with different zeolite doses in the different soil layers, respectively. The results indicated that the pH and CEC of the treated soil significantly increased compared with those of the untreated soil. When the amount of added zeolite increased from 10 to 20 g kg
, the pH significantly increased but the variation in CEC was not significantly different (Li et al., 2009) . The pH and CEC were also not significantly different in the different soil layers at the same zeolite addition level. A significant increase in pH did not constantly suppress the Pb released from the soil (Fig. 4) , but the trends in Pb leaching were consistent with the changes in CEC overall. This finding is in agreement with some researchers (Sneddon et al., 2006) , but others suggested that pH was a major factor regulating heavy metal leaching from soil.
In this study, it was concluded that the combination of pH and CEC controlled Pb leaching from the soil, but when the amount of zeolite added was low (b20 g kg −1
), the CEC was the dominant factor for determining Pb leaching behavior. The increase in alkalinity promotes the metal sorption via surface complexation processes. Mineral surfaces have a positive charge because of the sorption of protons, and they acquire a negative charge as pH increases owing to the deprotonation of the surface unsaturated bonds (Basaldella et al., 2007) . The pH value makes cations increase through stable complexation with the negative radicals on the surfaces (Sponer et al., 2001) . Natural zeolite plays an especially significant role in surface complexation because of its high specific surface and high CEC (Querol et al., 2006) .
3.2. DTPA extractable Pb in the rhizosphere and non-rhizosphere soils Fig. 7 showed that DTPA extractable Pb in the rhizosphere was~15% higher than that in the close-root and bulk soil. Similar results were obtained in other studies (Bernal and McGrath, 1994; Chen and Chen, 1992; Lin et al., 2004; Shuman and Wang, 1997) . It was suggested that when the pH is lower, the complexing properties of the soluble exudates and the solubilization of microorganisms in the plant rhizosphere soil showed greater increases in concentration of extractable Pb compared with non-rhizosphere soil. Thus, the solubility of the Pb may be enhanced in the rhizosphere because of the reduced pH and greater availability of the organic ligands, especially low molecular characteristics of rhizosphere (Lin et al., 2004) . It has been demonstrated that Pb uptake appears to be strongly mediated by rhizospheric processes. Fig. 8 shows the concentration of Pb in the aerial parts (leaves plus stems) and roots of the rape grown in the rhizoboxes. The zeolite amendment employed was very efficient at reducing Pb uptake by the plants. The concentration of Pb in the plants was decreased as the zeolite dose increased. Compared with the control treatment, the decreases of Pb in aerial parts were 18% and 27% at 10 and 20 g kg −1 zeolite addition, respectively, and those in the roots were 41% and 49% at 10 and 20 g kg −1 zeolite addition, respectively. Fig. 7 also shows that the DTPA extractable Pb in the untreated rhizosphere soil was 10% and 16% higher than in the rhizosphere with 10 and 20 g kg −1 zeolite addition, respectively. However, there was no significant difference between the DTPA extractable Pb in the untreated close-root and bulk soil and the treated soil. Some researchers reported that zeolite addition led to a decrease in bioavailable Pb (Castaldi et al., 2005b; Li et al., 2009; Querol et al., 2006) . In this study, it was found that zeolite addition significantly decreased bioavailable Pb in the rhizosphere soil, but did not significantly affect bioavailable lead in the non-rhizospheric soil. It was clear that the amount of extractable Pb in close-root and bulk soil was less than that for the rhizosphere, which implied that the availability of Pb here may be affected by rhizospheric activation, uptake and mass flow (Lin et al., 2004; Lynch and Whipps, 1990) . Finally, based on the results from this study, it can be concluded that the addition of zeolite can affect the activation, uptake and mass flow of the lead in rhizosphere, and thus depress the mobility of Pb (and in the non rhizospheric soil), inhibiting the uptake of Pb by the plant.
Conclusion
Zeolite, as an effective amendment, inhibits the release of Pb from soil and therefore reduces the effect of Pb in the rhizosphere. The addition of zeolite did not significantly increase leachate pH, but decreased bioavailable Pb in the soil, thus controlling soil leachate toxicity. It was found that the variation in the concentration of leachate Pb was not consistent with leachate pH, especially in the rebounding period. When a relatively small amount of zeolite was added (b20 mg kg −1 ), the CEC was the dominant factor regulating Pb leaching behavior. In addition, Pb uptake appeared to be strongly mediated by rhizospheric processes. Compared with the control treatment, the decreases of Pb content in aerial plant parts were 18% and 27% at 10 and 20 g kg − 1 zeolite addition, respectively, and those in roots were 41% and 49% at 10 and 20 g kg − 1 zeolite addition, respectively. In addition, zeolite addition inhibits the uptake of Pb by rape plants through affecting rhizosphere behavior.
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